A pulsed (3psec) gyrotron oscillator with a single cylindrical cavity has generated high output powers at frequencies between 126 and 243 GHz. Peak powers of 645 kW and total efficiencies of 28% were measured. By varying the cavity magnetic field, step tuning through a sequence of TE,,,,l modes with p = 2 , 3 and 4 was observed. Single mode emission was achieved in each of these modes, which were separated by about 7 GHz. The highest order mode observed was the TE22,4,1 at 243 GHz, which corresponds to a cavity diameter of 12 free space wavelengths. An output power of 470 kW was measured in this mode at 80 kV and 35 A. Future experiments include the investigation of novel cavity concepts with reduced mode competiton that should allow us to generate powers in excess of 1 MW at 140 GHz, and a high power gyrotron oscillator designed to operate at 280 GHz. Although these experiments are pulsed, they can be scaled to cw operation.
INTRODUCTION
The MIT program is devoted to the development of high power, high frequency (>lo0 GHz) gyrotrons that can be used for electron cyclotron resonance (ECR) heating of fusion plasmas. The rapid development of the gyrotron into an efficient source of millimeter and submillimeter radiation, as well as recent successful ECR heating experiments [1,2], indicate that bulk heating with gyrotrons is a viable alternative to heating with neutral beams or other rf sources. In order to meet the needs of future tokamak experiments, frequencies between 100 and 300 GHz and powers in excess of 1 MW will be required.
A study was conducted to determine the optimum design parameters of gyrotrons capable of such powers and frequencies 131. This analysis considered the major constraints limiting the operation of this device, such as ohmic heating of the walls, voltage depression of the beam, reduced coupling between the beam and rf field due to beam thickness, and efficiency degradation due to space charge forces within the beam. It was found that powers up to 20 MW could be generated with a single cavity with high efficiency at 140 GHz. Based on this analysis, the TE15,2,1 mode was chosen as the operating mode for a 1 MW, 140
A schematic of the experiment is shown in Fig.1 . The gyrotron operates at 4 Hz with 3 psec pulses. The magnetron injection gun, which was built by Varian, produces a beam with a theoretical @~/ @ \ \ = 1 . 9 3 and a spread in of 4% at 80 kV and 35 A. The beam has been placed relatively close to the wall to minimize voltage depression by the space charge field. The cavity magnetic field is provided by a Bitter copper magnet capable of fields up to 9.7
T. There is also a small gun coil centered at the cathode for optimizing the beam quality. The cavity, which consists of a straight cylindrical section terminated at each end by linear tapers, has an effective L of 6 4 and a diffractive Q of
415.
The radiation produced is transmitted via a 2.54 cm ID copper waveguide to a broadband window, and broadcast into a shielded box where measurements of the power, frequency, and far field pattern can be made. The major concern with the highly overmoded cavities required for high power, high frequency gyrotron operation is the presence of severe mode competition. This can either prevent the excitation of the desired mode, or result in multimode emission. The degree of competition in our cavity is shown in Fig. 2 Single mode emission can be achieved in a highly overmoded, tapered cavity as a result of three factors: good beam quality, cavity attributes that reduce the number of competing modes, and mode suppression. Beam quality is important because a spread in y, PI, or can cause some electrons to become resonant with competing modes as well as reduce the efficiency. The density of competing modes can be reduced by designing the resonator tapers to produce strong diffractive losses at the cavity ends for q 2 2 modes, allowing the q = 1 to dominate. Further mode selection can be achieved by choosing the beam radius that results in preferential coupling to the desired transverse TE,, mode structure. Finally, once a mode becomes established within a cavity, the nonlinear pertubation of the beam increases the threshold conditions for other modes, especially when the established mode interacts efficiently with the beam, and prevents them from being excited.
EXPERIMENTAL RESULTS
In the first set of experiments, stable operation was achieved in the TE15,2,1 mode at 140.8 GHz. Output powers up to 645 kW were measured at 80 kV and 35 A, and single mode emission was indicated by our frequency mixer system. The efficiency peaked at 24% at 15 A, and remained between 20 and 24% at higher currents. This contrasts with self-consistent nonlinear theory, which suggests The observed degradation of efficiency at higher currents may be due to several effects. Figure 3 , which shows that the highest TE15,2,1 power occurs along the boundary with the TE11,3,1 oscillation region, suggests that mode competition may be preventing access to the high efficiency region. It was also found that at higher currents the beam could not be magnetically compressed by the factor of 30 as predicted by theory. Therefore, the p~./Pii ratio of the beam may be low. Finally, frequency measurements during the startup of the gyrotron suggest that the hard excitation region [4] , in which the highest efficiencies are found, is not being reached. This would not be a problem for cw gyrotrons, where it is possible to adjust the cavity magnetic field during the pulse and access this region.
The tuning of our gyrotron was investigated as the magnetic field was varied from 4.8 T to 9.7 T. The results are shown in Fig.4 . The dominant modes observed corresponded to the p=2,3, and 4 radial modes. For each series, high power single mode emission was detected at discrete frequencies separated by about 7 GHz corresponding to a sequence of azimuthal modes with q=1. In the highest order mode observed (TE22,4,1 with D=12X), 470 kW was generated at 243 GHz in a single mode. This data indicates that the gun, although designed for operation at 140 GHz, produces a high quality beam over the entire range from 126 to 243 GHz. It also appears that high powers could be achieved at even higher frequencies if magnetic fields above 9.7 T were available.
35.1
IEDM 87-805 The normalized current [5] I is also plotted in Fig. 4 for the observed modes using the actual beam radius and including the effect of higher magnetic compression at higher frequencies. This parameter is defined as:
In Fig.4 , only the maximum value of S, , for the two rotating modes is plotted. This graph indicates that the output power scales approximately as I , as would be expected from nonlinear theory [5] . The curves for I also predict a transition from the p=2 to the p=3 modes at about 165 GHz, and from the p=3 to the p=4 modes at about 225 GHz, in agreement with our observations. The step tunable behavior of the gyromonotron can be understood by analyzing the coupling strength S, , be- Re for strong coupling to the TE15,2,1 mode automatically leads to strong coupling to nearby TE,,2,1 modes, resulting in strong emission from this series of modes. As the cavity magnetic field is increased to achieve higher frequencies, the beam is further compressed. As a result, the ratio R,/Ro decreases and the beam decouples from the p = 2 series and couples to the p = 3 series, as is observed experimentally.
ADVANCED CONCEPTS
The present goals of the M.I.T. gyrotron program are to develop sources for the upcoming Compact Ignition Tokamak (CIT) experiment, and for the subsequent engineering GHz could be used for ECR fundamental heating on CIT or second harmonic heating on ETR. Our analysis indicates that efficient gyrotrons can be built to satisfy these needs if limitations due to mode competition can be overcome. We plan to investigate advanced cavity concepts such as the coaxial cavity [6] and the gyroklystron in order to determine if they provide attractive alternatives.
The parameters of a 280 GHz gyrotron are given for purposes of illustration in Table 2 . Because of the high ohmic cavity losses, it is necessary to operate in a very high order mode. The lowest order mode that one can utilize can be calculated from the following equation
where Pohm is the average cavity wall losses, and a p of about 20 is required for 280 GHz operation. This equation indicates the strong dependence of umP on frequency.
Based on our past experimental results, asymmetric surface modes are the most attractive. Not only do these modes experience less mode competition, but the beam can be placed near the cavity wall to reduce voltage depression. The parameters in Table 2 are based on one potential mode, the TE80,4,1. In fact, the beam would couple strongly to all nearby TEm,4,1 modes, resulting in step tuning with approximately 3 GHz steps. An internal, quasioptical converter [7] could be used to transform the output radiation of these modes into a linearly polarized, Gaussian beam, and separate the rf power from the electron beam. This would simplify the design of the collector, and allow the possibility of depressed operation in order to enhance the 
